We discuss several applications of both resonant and non-resonant subwavelength gratings (SWGs) for silicon photonics. We present results of evanescent field molecular sensing using the transverse magnetic mode of a 0.22 μm thick silicon slab waveguide with a resonant SWG, which couples a free space laser beam to the silicon waveguide mode. The optical readout of this configuration is almost identical to the established surface plasmon resonance sensing technology. Using calibrated sucrose solutions, we demonstrate a bulk refractive index sensitivity of 111 nm/RIU in good agreement with rigorous coupled wave analysis calculations. The binding of a monolayer of streptavidin protein on the waveguide surface is monitored in real time with a signal-to-noise ratio of ~500. In another application, non-resonant SWGs are used to create effective dielectric media with a refractive index that can be tuned between the values of silicon (3.48) and SU-8 polymer used for the cladding (1.58). For example, we present SWG waveguides with an effective core index of approximately 2.65, which exhibit lower propagation loss than photonic wire waveguides of similar dimensions. We use these SWG waveguides to demonstrate highly efficient fiber-chip couplers.
INTRODUCTION
Subwavelength gratings (SWGs) are periodic dielectric structures with a periodicity shorter than the wavelength of light. SWGs in silicon-on-insulator (SOI) waveguides can be non-resonant, with a periodicity small enough to suppress all diffraction effects, or resonant, with a periodicity that couples the first diffraction order of an incident beam to a guided mode of the silicon waveguide. The concept of using non-resonant SWGs to create new effective dielectric media with useful and interesting optical properties has been known for many years 1, 2 . Such structures have found applications, for example, as an alternative to antireflective (AR) optical thin film coatings on bulk dielectric surfaces. The case of a onedimensional SWG is illustrated in Fig. 1 . The structure is comprised of alternating slabs of dielectric materials with refractive indices n 1 and n 2 and a periodicity Λ. For a non-resonant SWG, Λ < λ/n 1,2 and hence diffraction is suppressed. Light propagating through the structure behaves as in a homogeneous medium with an averaged dielectric permittivity. For the case of light incident parallel to the dielectric slabs with a wavevector k x , as indicated in Fig. 1 , the effective index of the SWG depends on the polarization of the light. According to effective medium theory (EMT) 3 , the effective refractive index is given by 2 2 for a wave with the electric field parallel and perpendicular to the slabs, respectively, where f = a/Λ is the volume fraction of the material with index n 1 . The effective index is thus a polarization dependent weighted average of the indices of the constituent materials. The optical properties of the structure shown in Fig. 1 for light incident perpendicular to the dielectric slabs with wavevector k z , are well-known from the study of photonic crystals 4 . Usually photonic crystals are used in a regime where the periodicity is comparable to the wavelength of light and band gaps exist in the dispersion relation; however, in the long wavelength limit, which corresponds to an SWG, photonic crystals exhibit linear dispersion, consistent with the concept of an effective homogeneous medium. Surprisingly, this property has remained largely unexplored. Generally, SOI waveguides are designed using two materials with a high refractive index contrast, namely silicon (n=3.48 at λ=1.55 μm) and silicon dioxide (n=1.44). As we demonstrate, the use of nonresonant SWGs makes designs possible that include effective dielectric materials with a continuous range of intermediate refractive indices, which can be fabricated by standard nanofabrication techniques. A schematic of a resonant SWG in SOI is shown in Fig. 2 . Here, an SiO 2 surface grating is used to couple a laser beam incident on the sample surface with a free space wavevector k 0 to a guided mode of the silicon waveguide with a propagation constant β =n eff k 0 , where n eff is the mode effective index. Coupling occurs at resonance
where θ is the incident angle ( Fig. 2) , k g = 2π/Λ is the grating vector and m = ±1, ±2,…is an integer. For a given angle of incidence, coupling is achieved for the resonant wavelength. At this wavelength a peak is observed in the specular reflectivity spectrum. Depending on the parameters of the structure the linewidth of this guided mode resonance can be very narrow with a peak reflectivity close to 100%. For this reason, resonant SWGs have found applications as narrow band wavelength filters 5 . Similar structures are also used for fiber chip grating couplers 6 ; however, in this case broadband operation with minimal reflected power is generally aimed at. In this paper, we discuss several applications of both resonant and non-resonant SWG structures in SOI. In section 2 we will present new experimental results on a resonant grating evanescent field molecular sensor. Section 3 contains several examples for novel applications of non-resonant SWGs. Among them are SWG waveguides with low propagation loss, which can be used as basic building blocks for integrated photonic circuits and efficient in-plane SWG fiber-chip couplers.
RESONANT SUBWAVELENGTH GRATING EVANESCENT FIELD SENSOR
We have recently reported an SOI evanescent field molecular sensor based on a resonant SWG 7 . Such sensors can be used for label-free detection of molecular binding reactions on a functionalized waveguide surface. The surface sensitivity of evanescent field sensors is maximized by using the TM mode of a 0.22 μm thick SOI waveguide 8 . We have previously used this fact to demonstrate extremely sensitive silicon photonic wire evanescent field sensors in MachZehnder interferometer and ring resonator configurations 9,10 with a detection limit as low as ~160 fg/mm 2 of protein mass density on the waveguide surface. Resonant SWG sensors exploit the sensitivity of thin silicon waveguides with fabrication and packaging requirements that are relatively simple compared to silicon photonic wire sensors.
The configuration of a resonant SWG sensor is as shown in Fig. 2 , but with the laser beam incident from the back side of the wafer. Backside illumination is advantageous because the front sensing surface is exposed to liquid analyte during operation. To suppress substrate Fabry-Pérot fringes in the reflection spectra, an antireflective coating is deposited on the backside. Figure 3 shows the reflectivity spectra of a resonant SWG sensor calculated by rigorous coupled wave analysis (RCWA) 11 for four different values of the refractive index of the analyte liquid covering the grating surface. A structure consisting of a 200 nm thick SiO 2 grating with a periodicity Λ = 1.24 μm and a duty ratio of 50% on a 0.22 μm thick silicon layer and a 3 μm thick buried oxide (BOX) layer was assumed. Reflectivity was calculated for p-polarized light incident from the back with an angle θ =45° (in air). The guided mode resonance features are well defined with a reflectivity approaching unity. A variation of the analyte index causes a change of the mode propagation constant of the TM mode in the silicon slab waveguide, as predicted by Eq. (3), resulting in a shift of the resonance wavelength. The induced resonance wavelength shifts shown in Fig. 3 correspond to a sensitivity of 110 nm per refractive index unit (RIU). To confirm the predicted sensitivity of the resonant SWG sensors, we measured the resonance shift induced by flowing sucrose solutions of varying concentrations (and correspondingly varying refractive indices) over the sensor surface. For these measurements a plastic flow cell was attached to the sample surface by mechanical pressure and sealed with an Oring. Suction from a syringe pump was used to deliver the various sucrose solutions to the flow cell volume. Reflectivity spectra were measured by scanning the wavelength of a tunable laser source over the spectral range of interest. An InGaAs photodetector was used to monitor the reflectivity as a function of wavelength. The angle of incidence of the laser beam was set in the optical setup at θ = 45°. To excite the TM mode of the slab waveguide, p-polarized light was used. Figure 5 shows the reflectivity spectra obtained for using de-ionized water (DIW) and three concentrations of sucrose as analyte. Changing the sucrose concentration by 1% corresponds to a refractive index change of 1.5×10 -3 . The total shift of approximately 0.5 nm observed in Fig. 5 for a 3% change in sucrose concentration thus corresponds to a sensitivity of 111 nm/RIU. This experimental result is in excellent agreement with the RCWA calculations discussed above. We also carried out a protein sensing experiment using the prototypical biotin-streptavidin binding system. Results of the spectral shift of the guided mode resonance caused by the attachment of a monolayer of streptavidin measured in an air ambient were reported in ref [7] . The magnitude of this shift was found to be approximately 1 nm. In Fig. 6 we show a real time binding curve of streptavidin to a biotinylated SWG sensor surface. The sensor surface was prepared and functionalized as described in ref. [7] and, as in the sucrose solution measurements a flow cell was used to deliver phosphate buffer saline solution (PBS) and streptavidin to the sensor. The wavelength shift induced by the streptavidin attachment was measured by repeatedly scanning the tunable laser across the resonance and acquiring one reflectivity spectrum every 25 seconds. The shift as a function of time plotted in Fig. 6 was determined by tracking the peak position of each spectrum. The flow of the 0.05 mg/ml streptavidin in PBS solution was initiated at time t = 1350 s, followed by flushing with PBS for t > 2000 s. After the fast initial rise the peak shift saturates and then decreases slightly during the PBS rinse. The maximum peak shift, which we interpret as corresponding to the attachment of a complete monolayer of streptavidin, is 0.55 nm. This is smaller than the shift observed in air because the index contrast of the protein layer (n ~ 1.5) and the ambient that it replaces is lower for measurements in water. The signal to noise ratio for this measurement is approximately 500, suggesting that the attachment of 0.2% of a monolayer of streptavidin is detectable.
NON-RESONANT SUBWAVELENGTH GRATINGS

SWG waveguides
Silicon waveguides, the fundamental building blocks of silicon photonics, have been made with a wide range of crosssectional sizes and geometries and with different cladding materials; however, the core refractive index of the waveguide is constant, i.e. the bulk material index of silicon. Effective medium theory, as discussed in the introduction, suggests that the core index can be tuned by subwavelength patterning of the waveguide, thus introducing a new degree of freedom in the design of silicon waveguides. As an example, an SWG waveguide structure is shown in a schematic view in Fig. 7a . The waveguide consists of a periodic array of rectangular segments of silicon on the BOX layer, covered by a cladding of SU-8 polymer with a refractive index of 1.58. The lateral size of each segment is 0.45 μm width × 0.26 μm height. The periodicity of the SWG is 0.3 μm, well below what would be required for a Bragg grating, and the duty cycle is 50%. According to effective medium theory one would expect this waveguide to behave optically like a 0.45 μm × 0.26 μm large photonic wire with a longitudinally averaged core refractive index, as shown in Fig. 7b . We have calculated the dispersion relation (frequency f versus wavevector β) and from it, the mode effective index, given by n eff = cβ/(2πf) for both an SWG waveguide and a photonic wire with a core material index of 2.65. This particular core index was chosen to achieve an optimal match between the dispersion relations of the SWG and photonic wire waveguides for both polarizations at the operating wavelength of 1.55 μm, as shown below. The SWG waveguide dispersion was calculated using the MIT photonic bands software package Figs. 7e and 7f . Clearly, there is a good correspondence between the SWG waveguide and its photonic wire equivalent, verifying the concept of core index tuning by subwavelength patterning. As one might expect, the agreement between SWG waveguide and effective photonic wire becomes even better when a smaller periodicity with the same duty cycle is chosen for the SWG. The effective core index of 2.65 is close to the value of 2.70 predicted by Eq. (1) using the indices of silicon and SU-8 for the SWG constituents.
An SEM micrograph of a fabricated straight SWG waveguide is shown in Fig. 8 . Samples were fabricated from commercial SOI substrates with 0.26 μm thick silicon and 2 μm thick BOX layers. We used electron beam lithography to define waveguide patterns in hydrogen silsesquioxane (HSQ) resist, which forms SiO 2 upon electron beam exposure. The patterns were then transferred into the silicon layer by inductively coupled plasma reactive ion etching (ICP-RIE) using a mixture of SF 6 and C 4 F 8 gases. We coated the samples with a 2-μm-thick SU-8 polymer layer by a standard spin and bake procedure and finally cleaved them into individual chips. The facets were polished to an optically smooth finish.
We have found that the propagation loss of SWG waveguides with a cross section of 0.3 μm width × 0.26 μm height is approximately 2-3 dB/cm for both TE and TM polarized light. These values are lower than the loss of our standard photonic wire waveguides, which are typically in the 5-8 dB/cm range. We believe that the lower losses of the SWG waveguides are a consequence of the effectively lower index contrast between the core and the cladding, leading to mode delocalization and reduced light scattering efficiency of sidewall imperfections. 
SWG waveguide fiber-chip couplers
SWG waveguides can be used for making efficient fiber-chip coupler structures for photonic wire waveguides. Compared to the now standard inverse taper coupling structures 13 the tunability of the waveguide core index of SWG waveguides provides an additional parameter that can be used to optimize the mode matching between fiber and planar waveguide modes. SWG coupler structures, such as shown in the SEM micrograph in Fig. 9 , were first proposed in ref. [14] and a first experimental demonstration was given in ref. [15] . This structure provides an adiabatic transition from a photonic wire waveguide (right side in Fig. 9 ) to an SWG waveguide (left). Recently we have further improved the coupler design. A more adiabatic transition is achieved by inserting silicon bridging elements in the center of the SWG waveguide, which increase gradually in width towards the photonic wire waveguide. The SWG waveguide is tapered and the duty cycle and period are chirped toward the chip edge to achieve an optimal match with the optical fiber mode. With this new design we have obtained significant improvements over the coupling efficiency reported in ref. [15] . For example, the TE coupling loss, which was measured to be approximately 6.5 dB in the previous design, is now estimated to be below 1 dB. Furthermore we have found that the SWG couplers have better fabrication tolerance with respect to waveguide width fluctuations. For example, a change in tip width from 350 nm to 300 nm leads to an excess loss of less than 0.1 dB for both polarizations. 
SUMMARY AND CONCLUSIONS
In this paper we have described applications of both resonant and non-resonant silicon photonic SWG structures. A resonant SWG on the surface of an SOI waveguide couples the first diffraction order of an incident free space laser beam to a waveguide mode, leading to a guided mode resonance in the specular reflectivity spectrum. We have used this effect to exploit the superior sensitivity of the TM mode of a 0.22 μm thick silicon waveguide for evanescent field sensing in a comparably simple optical configuration similar to established surface plasmon resonance sensing technology. We have demonstrated both bulk refractive index sensing using calibrated sucrose solutions and real-time sensing of protein attachment on a functionalized waveguide surface using the prototypical biotin-streptavidin binding system. We measured a bulk sensitivity of 110 nm/RIU, which is in good agreement with RCWA calculations and a wavelength shift of the resonance of ~0.55 nm for attachment of a monolayer of streptavidin with a signal to noise ratio of ~500 in the current optical setup.
We discussed applications of non-resonant SWGs. SWG waveguides consist of a periodic array of rectangular silicon segments. We have shown that the optical properties of these periodic waveguides are similar to photonic wire waveguides with a core refractive index averaged longitudinally along the structure as predicted by EMT. We have found that SWG waveguides have lower propagation losses compared to photonic wires. SWG coupler structures can be used at the chip edge as efficient fiber-to-photonic wire couplers with losses of less than 1 dB.
